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EFFECTS OF SUBSONIC MACH NUMBER ON THE FORCES AND 
PRESSURE DISTRIBUTIONS ON FOUR NACA 6\А-БЕВТЕЗ 
AIRFOIL SECTIONS AT ANGLES OF ATTACK 
AS HIGH AS 28? 


By Louis 8. Stivers, Jr. 
SUMMARY 


Lift, drag, moment, and pressure-distribution measurements have 
been made for the NACA 644010, 64AN10, 64A006, and 64A406 airfoil sec- 
tions at high subsonic Mach numbers. The tests were made for angles of 
attack as high as 28° and for Mach numbers ranging from 0.30 to about 
О. 73 with corresponding Reynolds numbers varying from approximately 
0:9 x-10* to 159 X 105, 


А comparison of the maximum lift coefficients from МАСА TN 2096 
for 10-percent-chord-thick NACA 64A-series airfoil sections cambered 
with а = 1.0 anda = 0.4 mean lines with those of the present report 
for the NACA 64A410 airfoil section cambered with the a = 0.8 (modified) 
mean line indicated that the а = 0.8 (modified) mean line was superior 
for providing high maximum lift coefficients throughout the Mach number 
range, especially for Mach numbers above about 0.6. 


Ав the angle of attack was increased above that for the maximum 
lift coefficient obtained at about 8° to 10° angle of attack, the sym- 
metrical airfoil sections experienced no serious losses in lift coeffi- 
cient, Іп fact, the Lift coefficients for the symmetrical airfoil 
sections and for the NACA 64A406 airfoil section at angles of attack 
above 24° reached ‘values greater than the respective initial maximum 
lift coefficients obtained at the lower angles of attack. 


A region of slight compression, heretofore undescribed, was estab- 
Lished within the local supersonic region on each of the airfoil sections 
near the leading edge in place of an expected expansion. This leading- 
edge compression region was formed just downstream of the abrupt 
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expansion at the leading edge for ranges of Mach number and angle of 
attack that varied in some degree with airfoil-section thickness ratio 
and camber. Ав indicated by the measured pressures on the surface of 
the airfoil sections, the flow over the leading edge expanded to maximum 
local Mach numbers from 1.6 to 2.0 before the start of the leading-edge 
compression region. When the leading-edge compression region was estab- 
lished on the airfoil sections, the lambda shock wave, which usually 
developed in the flow at high Mach numbers, was not formed on the same 
surface, leaving only the normal shock wave. 


For angles of attack above that for complete separation of the 
flow over the upper surface of each airfoil section, the pressure coef- 
ficients on this surface Рог a constant Mach number were essentially 
unaffected by camber of the airfoil section or by a reduction in airfoil- 
section thickness ratio from 0.10 to 0.06. The corresponding pressure 
coefficients on the lower surface, however, were increased noticeably 
by the increase in camber or by the decrease in thickness ratio. 


INTRODUCTION 


The relative simplicity with which the subsonic aerodynamic charac- 
teristics of unswept wings may be calculated from section data employing 
lifting-line theory (see ref. 1) has been appreciated for many years and, 
more recently, has been an incentive for establishing a similar procedure 
suitable for swept wings. One recent effort to determine local section 
characteristics of sweptback wings from two-dimensional data, reported 
in reference 2, was limited to low speeds. Similar analyses for high 
subsonic Mach numbers are restricted by the lack of appropriate two- 
dimensional data. 


The purpose of this report is to present extensive lift, drag, 
moment, and pressure-distribution data for cambered and uncambered 
10- and 6-percent-thick NACA 64A-series airfoil sections for high sub- 
sonic Mach numbers. The camber corresponded to a design lift coeffi- 
cient of 0.4, which is representative for swept-wing applications. Ап 
analysis of the force and moment data has been made to provide addi- 
tional information regarding the behavior of thin airfoils for Mach 
numbers as high as 0.93 and for angles of attack as high as 289. Analy- 
sis of the pressure-distribution data has been confined largely to the 
characteristics within the local supersonic regions on the airfoil 
surfaces. A brief analysis of the pressure-distribution characteristics 
above the stall, however, has also been made. 
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ΝΟΤΑΤΤΟΝ 
mean-line designation, fraction of chord from leading edge over 
which design load is uniform 
section Lift-curve slope 
airfoil chord 
section drag coefficient 
section Lift coefficient 


initial maximum section lift coefficient attained upon increasing 
the angle of attack from zero 


section moment coefficient &bout quarter-chord point 


free-stream Mach number 
local static pressure 
free-stream static pressure 


P 7 Pg 


local pressure coefficient, 
ο 


free-stream dynamic pressure 


Reynolds number 
distance along chord from leading edge 


section angie of attack 


APPARATUS AND TEST METHODS 


The present investigation was conducted in the Ames l- by 3-1/2-foot 


high-speed wind tunnel, a two-dimensional flow, low turbulence, closed- 
throat tunnel. 


The МАСА 614010, 64A410, 64A006, and 64A406 airfoil sections were 


employed in the investigation. Profiles of these airfoil sections are 
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shown in figure 1, and coordinates are given in tables I to IV. Тһе 

а = 0.8 (modified) mean line was used for the cambered airfoil sections 
in order to maintain the characteristic straight portions of the 

NACA 6hA-series profiles near the tr&iling edge. (See ref. 3.) In 

the present report where the mean-line designation is not included with 
the designation of the cambered airfoils, it is to be understood that 
the mean line employed was the а = 0.8 (modified). Six-inch-chord 
models were constructed using a steel core covered with a tin-bismuth 
alloy wbich, in turn, was contoured to the proper coordinates. The 
tubes employed in measuring the pressures on the surfaces of the models 
were embedded in the alloy. The models were mounted so as to span com- 
pletely the l-foot width of the tunnel test section and were supported 
&t each end by clamps which were contoured to the model profiles and 
which were flush with the tunnel side walls. Air leakage at the clamps, 
which would disturb the two-dimenslonal flow over the ends of the models, 
was prevented by tight-fitting rubber gaskets. The models were equipped 
with from 42 to 47 pressure orifices, approximately 0.010 inch in diam- 
eter at the surface, which were іп а chordwise plane near the center of 
the tunnel when the models were mounted for testing. The chordwise 
locations of the pressure orifices for each model are given in the first 
columns of tables V to VIII. 


Lift, drag, moment, and pressure-distribution measurements were 
made simultaneously for each of the NACA 64A410, 644006, and 6hAhO6 air- 
foil sections at angles of attack ranging from -5° to 28°. Since lift, 
drag, and moment data for the NACA 644010 airfoil section at angles of 
attack as high as 12° are already available in references № and 5, only 
pressure measurements were made for this airfoil section at these angles 
of attack, but simultaneous measurements of lift, drag, moment, and 
pressure distribution were made at angles of attack from 14° to 28°. 

The range of test Mach numbers of the present investigation varied 

from 0.30 to about 0.93 depending on the airfoil model and the angle of 
attack. The maximum Mach number at each angle of attack was limited 
elther by the choking speed of the tunnel or by the load capacity of the 
balances with which the lift and drag forces were measured. The Reynolds 
number of the investigation varied from about 0.9 x 108 to about 1.9x 108, 
as shown in figure 2, 


Lift and moment of the models were determined from the pressure 
reactions on the floor and ceiling of the tunnel test section in a manner 
similar to that described for the measurement of lift in the appendix of 
reference 6. Drag was determined from wake surveys made with a movable 
rake of total-pressure tubes. The pressures on the surfaces of the 
models were measured by means of a multiple-tube manometer, which was 
photographed to insure simultaneous measurement of the height of each 
column of liquid. 
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CORRECTIONS AND PRECISION OF DATA 


The effects of the wind-tunnel jet boundaries on the measured data 
of this report have been determined by the methods of reference T. At 
any Mach number or angle of attack of the present investigation, the 
corrections to the section angles of attack are less than t0.19, and 
those to the pressure coefficients are less than +0.012. ‘These correc- 
tions have been neglected. Ап indication of the magnitude of the 
corrections which have been applied to the Mach numbers and to the 
force and moment coefficients is given in the following table, where 
the primed symbols correspond to the uncorrected data, and the ranges 
of values given show the variation in the magnitudes of the correction 
factors among the four airfoil models tested: 


994 to .991 
«989 to .977 
«981 to .948| .981 to 


.988 to .986 
977 to .967 
.965 το .935 


0.997 0.99 
1.003 to 1.004! 0.988 to 0.986| 0.994 to 0.992 | 0.984 to 0.920 
| 1.012 to 1.017| .972 to .968| .980 to .976| .972 to „96% 
1.021 to 1.027| .968 to .955 .9T1 to .963! «963 to .958 


0.986 to 0.981 
97% to .955 


1.002 to 
1.008 to 1.013 


0.993 to 0.985 | 0.996 to 0.984 
.981 to .9T1| .987 to .978 


1.020 to 1.024} .965 to .958| «ΟΤΙ to .96k| «963 to .956 
1.025 to «961 to .952| .966 to .962| .957 to .952 
со = 209 
0.30| 1.014 to 1.015| 0.970 to 0.9691 0.973 to 0.972 | 0.967 to 0.963 
.20| 1.020 to 1.022| .962 to .960| .965 to .963| .959 to .956 
«60| 1.028 to 1.031] .950 to .9h6| .956 to .951| «ОНТ to «939 
dg Ξ 289 


0.916 to 0.941} 0.949 to 0.911 | 0.942 to 0.939 
.928 to .926| «931 to .929| «026 to .904 
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There is some uncertainty concerning the accuracy of the data 
obtained at the highest test Mach numbers because of the possible 
influence of incipient choking of the tunnel near the model. Such 
regions of uncertainty are indicated in the figures presenting lift, 
dr&g, &nd moment coefficients by dashed portions of the curves at the 
highest Mach numbers. 


The error in mounting each airfoil model in the tunnel test section 
at а given angle of attack was less than 50.19, and the setting of other 
angles of attack relative to this initial attitude could be made within 
t0.0259. The maximum errors in the pressure coefficients presented 
herein are of the order of £0.01. An analysis of the precision of the 
lift, drag, апа moment coefficients was made for the models of the 
present investigation, and the over-all uncertainties for the lift and 
moment coefficients are as follows: 


M с} error CMe /4 error 

0.3 -0.010 %0 0.020 -O OLO to 0.014. 

eT 0 to .008 -.002 to .004 

„9 -.001 to .00% -.003 to .003 


The uncertainties for the drag coefficients together with the corre- 
Sponding percentage errors are given in the following table: 


*[&[ ase [eme 
0.3 O “0.0007 το 0.0011. -5.5 το 8.6 
10 | -.0003 to .0015| -1.0 to 1.9 
28 0117 to .0183 h 
0 «0002 to .0004 1 
10 -0048 to .0080 9 
«0001 το .0016 4 to 1.7 
-0007 to .0023 1..1 to 1.7 
The errors in the test Mach numbers and Reynolds numbers are less than 
£0.005 and 0.1 x 10°, respectively. 


2 
2 
0 
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RESULTS AND DISCUSSION 
FORCE AND MOMENT DATA 


Lift Characteristics 


The effects of Mach number on the section lift coefficients of the 
NACA 644010, 6lhAhiO, 644006, and 64A406 airfoil sections at constant 
Section angles of attack аге shown in figure 3.  Asymmetrys of the data 
for the uncambered NACA 644010 and 644006 airfoil sections are observed 
in this figure, although that for the latter is only very slight. Such 
asymmetry, which has already been discussed for the NACA 64A010 airfoil 
section in reference 5, 15 believed to be due to a combination of inac- 
curacies in the airfoil fabrication and in the mounting of the models 
for the tests in the tunnel. 


In general, there are no unusual effects of Mach number evident in 
figure 3. Abrupt increases in lift coefficient, however, are apparent 
for some of the angles of attack as the Mach number is increased to the 
highest values shown (fig. 3(a), оо = 10° and 229; fig. 3(с), a = 89; 
and fig. 3(d), ag = 10°). For 8° or 10° angles of attack, these 
increases were apparently caused by the rearward extension of local 
supersonic flow over the forward portion of the upper surface, as is 
confirmed by the pressure distribution data presented later in this 
report. In figure № the section lift coefficients for each airfoil 
section are presented as a function of section angle of attack with 
Mach number as a parameter. Maximum section lift coefficients are evi- 
dent for the lower Mach numbers of this figure at angles of attack of 
about 8° to 10°. No serious losses in lift coefficient are noted for 
the symmetrical airfoil sections at higher angles of attack. At the 
highest angles of attack shown the lift.coefficients for these airfoil 
sections and also for the NACA 64A06 a#rfoil section attained values 
greater than the respective initial maximum lift coefficients. Neverthe- 
less, in the present report the initial maximum lift coefficients obtained 
at angles of attack of about 8° to 10° will be referred to as the maximum 
Lift coefficients. 


The effects of Mach number on the maximum section lift coefficients 
of the airfoil sections of this report are presented in figure 5. The 
expected advantages of the cambered airfoil sections over the symmetrical 
with respect to the production of higher maximum Lift coefficients are 
observed in this figure. It is also evident that the symmetrical or 
cambered 6-percent-thick airfoil section provides greater maximum lift 
coefficients at Mach numbers above about 0.7 than the corresponding 
LO-percent-thick airfoil section. 
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The data of figure 6 are presented in order to show the effect of 
type of camber on the maximum section lift coefficients of several 
10-percent-thick NACA ӨЛА-вегіев airfoil sections. The data for the 
airfoil section cambered for design lift coefficients of 0.3, 0.6, 
and 0.9 and employing the а = 1.0 and/or а = 0.4 mean lines were 
obtained from reference 5. The values of the maximum lift coefficients 
for the NACA 644410 airfoil section relative to those for the airfoil 
sections with design lift coefficients of 0.3 and 0.6 indicate a superi- 
ority of the а = 0.8 modified mean line over the а = 1.0 mean line 
for providing greater maximum lift coefficients within the range of Mach 
numbers shown. The superiority is even more evident for Mach numbers 
greater than about 0.6 where it is observed that the maximum lift coef- 
ficients for the NACA 644410 airfoil section are approximately the same 
ав 2” for the airfoil sections cambered for a design lift coefficient 
of O.6. 


The effects of Mach number on the section lift-curye slopes of the 
NACA 6hAO10, ӨО, 644006, and 6hAhO6 airfoil sections at lift coef- 
ficients of О, 0.2, ала О.Н are presented in figure T. Тһе effect of 
Mach number on the angle of attack required to maintain a constant sec- 
tion lift coefficient is shown in figure 8. The apparent advantage of 
the symmetrical airfoil sections at zero lift is observed to diminish 
as the 11Ғ% coefficient is increased. 


Drag Characteristics 


The variation of section drag coefficient with Mach number at 
constant section angle of attack is presented in figure 9 for the 
NACA 614010, 644410, 644006, and 64A406 airfoil sections. Extremely 
high values of drag coefficient are evident in each figure for the high 
angles of attack. Although the .yalues of drag coefficient at these 
angles of attack are observed to be roughly independent of camber, the 
higher values are for the 6-percent-thick airfoil sections. 


The variations of section drag coefficient with section 117% coef- 
ficient corresponding to angles of attack up to approximately 12° are 
shown in figure 10 at constant Mach number. The expected advantage of 
camber for realizing lower drag coefficients at relatively high lift 
coefficients is obvious in this figure. The advantage, however, 
decreases with an increase in Mach number and is realized for a smaller 
range of lift coefficients as the thickness of the airfoil sections is 
reduced from 10 to 6 percent. 


in 
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Moment Characteristics 


The variation of section moment coefficient with Mach number at 
constant section angle of attack 15 presented in figure ll. Іп this 
figure it is apparent that there is no marked change in the section 
moment coefficient of any of the airfoil sections for changes in angle 
of attack between about 12° and 209, In figure 12 the variation of 
section moment coefficient with section lift coefficient is shown for 
constant Mach number. The average slopes of the moment curves at low 
lift coefficients increase with increase in Mach number. The rate of 
this increase in average slopes appears to be unaffected by airfoil- 
section thickness ratio, but seems to increase with camber at the 
higher Mach numbers. This latter was also observed in the data of 
reference 5, 


PRESSURE DISTRIBUTIONS 


The extensive pressure-distribution data obtained in the present 
investigation for the NACA 644010, 64A410, 644006, and 644406 airfoil 
sections have been reduced to coefficient form and are presented in 
tables V to VIII, respectively, for various angles of attack from 
-50 to 289 and for Mach numbers from 0.30 to as high ав 0.93. For dis- 
cussion purposes the pressure coefficients at Mach numbers selected to 
show the important trends have been plotted for each airfoil section as 
a function of the chordwise location of the pressure orifices and are 
presented in figures 13 to 16. Тһе local Mach number corresponding to 
a given pressure coefficient, P, and free-stream Mach number, М, may be 
determined from figure 17, in which the variation of pressure coefficient 
with Mach number for constant local Mach number is shown, based on isen- 
tropic relations. 


Characteristics Within the Local Supersonic Regions 


МАСА 644010 airfoil section.- Representative pressure distributions 
for the NACA OWAOLO airfoil section at low angles of attack (-1.89 to 2.29) 
are shown in figures 13(a) to 13(е). Eyidence of broad local supersonic 
regions on the airfoil surface appears at a Mach number of about 0.81. 
These supersonic regions, which originate near the leading edge of the 
airfoil section, terminate at the abrupt increases in pressure (compres- 
sions) associated with the shock waves. The abrupt increases are located 
near the midchord position for a Mach number of about 0.81 and move down- 
stream to the trailing edge as the Mach number is increased further. The 
compressions at the downstream boundary of the supersonic regions are 
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made up of two characteristic parts, an initial slight pressure increase 
followed by an abrupt increase. This type of pressure recovery is asso- 
сіздей with lambda shock waves. (See refs. 8 to 10.) At а Mach number 
of about 0.93 the pressure data indicate that the local flow at the 
surface leaves the trailing edge at a supersonic Mach number. Thus, the 
supersonic region is not terminated on the airfoil section at this free- 
stream Mach number, Confirmation of the foregoing characteristics 
exhibited by the pressure.data is given in schlieren photographs of the 
flow over the NACA 6ΗΔΟΙ͂Ο airfoil section, obtained during the investi- 
gation reported in references # and 5 and which are presented in fig- 
ure 18(а) for an angle of attack of 19.  Lambüa-shaped shock waves are 
evident in each photograph &i the locations corresponding to the com- 
pressions evident in the pressure data. For a Mach number of 0.92 it 

is apparent that the normal legs of the lambda waves on both upper and 
lower surfaces have reached the trailing edge of the airfoil section. 
This accounts for the local supersonic Mach numbers at the trailing edge 
for about this free-stream Mach number. 


At angles of attack from 1,29 to 10.2° (figs. 13(f) to 13(1)), abrupt 
pressure increases of the type associated with normal shock waves appear 
in the pressure data at low supercritical Mach numbers. In addition, an 
extensive region of slight compression originates just downstream of the 
start of the local supersonic region which should not be confused with 
the similar compression associated with the oblique leg of a lambda wave. 
The former compression, which is discussed in detail in the next para- 
graph, is distinguished from the latter in the following points: (a) this 
type of compression originates near the leading edge; (b) the location of 
the origin is not appreciably affected by Mach number; and (c) this com- 
pression is not related to the normal shock wave but appears rather to 
be associated with the abrupt expansion region at the leading edge of the 
airfoil section. Furthermore, it should be realized that the two types 
of mild compression do not appear simultaneously on the same surface of 
the airfoil section, Іп other words, when the compression that forms 
near the leading edge is fully developed, no lambda shock waves form 
downstream in the flow on that surface, but only normal shock waves. 

This will be evident in some of the schlieren photographs which are pre- 
sented later in this report. In figures 13(f) to 13(1) it is observed 
that the pressure increases associated with the shock waves are more 
widespread and less abrupt than those noted for the lower angles of 
attack. Such а change in the character of the increases in pressure 
apparently results from the more pronounced boundary-layer separation 
which exists at the higher angles of attack and Mach numbers. The extent 
of separation and the nature of the shock waves at the higher Mach numbers 
on the NACA 64A010 airfoil section at angles of attack of 6°, 8°, and 10° 
are shown in the schlieren photographs of figures 18(d) to 18(f). It is 
noted in the photographs for the higher Mach numbers and angles of attack 
that the shock waves, although similar in shape to the lambda shock waves 
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noted at the low angles of attack, differ from these previously dis- 
cussed in that the oblique legs of the waves appear markedly stronger. 


In the pressure data for angles of attack from 1,09 to 8.29, а 
mild pressure rise is observed on the upper surface that originates 
near the leading edge and extends downstream to the abrupt pressure 
increase associated with the normal shock wave. This slight compression 
near the leading edge (hereinafter designated &s the leading-edge com- 
pression) exists in the upstream portion of the local supersonic Mach 
number region where ал expansion would be expected, indicating & change 
in the nature of the local flow over the upper surface in this region. 
To show the features of this leading-edge compression region in more 
detail, pressure coefficients on the upper surface for an angle of 
attack of 6.20, given in table V, have been plotted for several Mach 
numbers above 0.61 in figure 19. It is noted in this figure that a 
slight pressure increase near the leading edge is just beginning for & 
Mach number of 0.64, and as the Mach number is increased the compression 
region spreads downstream. Throughout the range of Mach numbers, how- 
ever, the origin of the compression remains essentially fixed between 
the 2.5- and the 5-percent chordwise stations. Although the region is 
extensive and well developed for Mach numbers ОҒ 0.71 and O.T, the com- 
pression appears greatly diminished for Mach numbers of 0.82 and 0.85. 
At these higher Mach numbers, pressure increases of the type associated 
with lambda shock waves are apparent. To indicate the effect of free- 
stream Mach number on the magnitude of the leading-edge compression, 
differences in local Mach numbers associated with the peak pressure at 
the start of this region and the pressure at approximately the 0.10 
chordwise station have been determined for several free-stream Mach num- 
bers, using figure 17. These differences in local Mach numbers АМ; 
and the maximum local Mach numbers corresponding to the peak pressures 
near the leading edge M ыш are given in the following table for 


angles of attack of 1.20, 6.29, and 8.29: 


0.63 to 0.64 


66 to .67 
411 
TÀ 

«76 to 

.(9 to 


As the free-stream Mach number is increased, а reduction of the differ- 
ences in local Mach numbers is observed for each angle of attack in the 
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table, indicating а corresponding reduction in the strength of the 
leading-edge compression. It is also observed th&t the compression is 
associated with high values of maximum local Mach numbers, especially 
for the 6.29 апа 8.29 angles of attack. These high values of local Mach 
number (up to 1.61) are indicative of а strong expansion region just 
upstream of the leading-edge compression region. 


Substantilating evidence that a compression region existed in the 
flow over the NACA 644010 airfoil section near the leading edge for con- 
ditions corresponding to the data of figure 19 is given in the schlieren 
photographs of figure 18(а). (The fixed bulbous shape which appears on 
the forward portion of the upper surface in some ОҒ the schlieren Ῥποτο- 
graphs of this report is due to a chipped window in the wind-tunnel side 
wall.) In the photographs of the present report, a light area is indic- 
ative of а compression region, and а dark area is indicative of an 
expansion region. 


There is little evidence of shock-induced compression on the upper 
surface of the airfoil section at angles of attack from 12,29 to 18.29, 
figures 13(j) to 13(m), and none at the higher angles of attack. Те 
extensive separation of the flow over the upper surface at these angles 
of attack apparently obscured any effects of existing shock waves. 


NACA 64AL10 airfoil section.- An examination of the pressure data 
for the NACA 64A410 airfoil section which are presented in figure 1} 
and table VI reveals that the characteristics of the pressure distribu- 
tions within the local supersonic regions on this airfoil section are 
generally the same as those for the NACA 614010 airfoil section. Тһе 
leading-edge compression region was formed on the upper surface at 
approximately the same angles of attack аз for the NACA 644010 airfoil 
section, but because of the camber, a compression region was also formed 
on the lower surface for angles of attack from -5° to 0°. An inspection 
of the differences in local Mach numbers in this region has indicated 
that the leading-edge compression on the NACA 644410 airfoil section 
was stronger on the lower surface and weaker on the upper surface than 
the corresponding compression on the symmetrical airfoil section. 
Furthermore, the maximum local Mach numbers associated with the peak 
pressures near the leading edge are greater on the lower surface and 
less on the upper surface for the cambered airfoil section. Local Mach 
numbers as high as 1.7 to 1.8 were attained on the lower surface of the 
cambered airfoil section at angles of attack of -5° and -40, 


Schlieren photographs for the NACA 644310, а = 1.0, airfoil section 
(differing from the NACA 6hAhlO airfoil section in amount and type of 
camber) are presented in figure 20 to corroborate the foregoing remarks 
concerning the characteristics of the pressure variations within the 
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local supersonic regions on the NACA 64A410 airfoil section. ‘These 
photographs were made during the investigation reported in reference 5. 
It is observed in figure 20 for an angle of attack of -4° that а rela- 
tively strong leading-edge compression region was formed on the lower 
surface at Mach numbers above 0.71, and that lambda waves were estab- 
lished on the upper surface at Mach numbers greater than about 0.81. 

The characteristics of the leading-edge compression region on a cambered 
10-percent-thick airfoil section, as revealed іп the photographs ОҒ fig- 
ure 20, are much the same as those for the NACA 64A010 airfoil section. 


It ів noteworthy that evidences of a leading-edge compression region 
are apparent in the pressure-distribution data of reference 11 for sec- 
tions of a #50 sweptback wing of aspect ratio 3 employing the NACA 64A410 
airfoil section. The compression region appeared at the outboard stations 
at subsonic free-stream Mach numbers of 0.86 and above for angles of 
attack from about 7° to 109, and was established immediately downstream 
of a strong expansion region along the leading edge wherein the local 
Mach numbers attained values as high as 1.9. 


NACA 644006 airfoil section.- The pressure coefficients for the 
NACA 614006 airfoil section are given in figure 15 and table VII. A 
comparison of the coefficients for angles of attack of +2° and also 
for +1° at given chordwise stations, particularly near the leading edge, 
indicates that the model of the NACA 64A006 airfoil section was not 
perfectly symmetrical. Measurements have indicated that the asymmetry 
is due to small construction inaccuracies which, for this model, were 
larger than usual. The ordinates around the leading edge and on the 
lower surface near the leading edge were very close to those specified. 
On the upper surface, however, the ordinates between the 0.5- and about 
the 10-percent-chord positions were greater than the specified ordinates, 
the maximum difference being approximately O.l-percent chord. It should 
be recalled, however, that the asymmetry of the lift coefficient data, 
shown in figure 3(c), is very small and is less than that observed for 
the NACA 644010 airfoil section in figure 3(a). Irregular values of 
certain pressure coefficients near the leading edge, which probably 
resulted from orifice errors, are also observed at angles of attack 
of -19, 0°, апа 1° and at the trailing edge at angles of attack from 
-19 to 10° for some of the Mach numbers. The curves have been faired 
through these values. 


A comparison of the nature of the pressure distributions within the 
local supersonic regions on the МАСА 64A006 airfoil section with that 
previously discussed for the NACA 64A010 airfoil section indicates that 
the reduction in thickness changes some of the characteristics of the 
pressure distributions and delays their appearance to higher Mach numbers. 
In particular, the pressure increase resulting from the oblique leg of 
the lambda shock wave is not apparent in the data for the 6-percent-thick 
airfoil section at the lower angles of attack. The leading-edge 
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compression region is formed at a lower angle of attack than for the 
10-percent-thick airfoil section. At angles of attack of 0° or 1°, 

pressure increases due to shock waves do not appear in the data for 

Mach numbers less than about 0.87. 


in the data of figure 15 it appears that a leading-edge compression 
region was formed on the lower surface at angles of attack of -2° and 2195 
figures 15(&) and 15(b), but not on the upper surface at 10 and 20, fig- 
ures 15(4) and 15(e). Although this result is explained by the previously 
discussed asymmetry of the model, it does not provide evidence that such 
а region would be formed at these angles of attack оп a perfectly symmet- 
rical airfoil section. Since the compression region was not established 
on the NACA 644010 airfoil section at angles of attack less than 4°, how- 
ever, it appears that such a region forms at a lower angle of attack as 
the thickness ratio is reduced. 


The characteristics of the leading-edge compression region on the 
МАСА 644006 airfoil section at angles of attack from 4° to 8°, as 
revealed by an examination of the local Mach numbers in this region, are 
much the same as those for the corresponding region on the NACA 614010 
airfoil section. The compression, however, was indicated to be greater 
for the thinner airfoil section. Unusually high values of maximum local 
Mach number corresponding to the peak pressures near the leading edge 
are also indicated for the NACA 64A006 airfoil section, disclosing the 
existence of a strong expansion at the leading edge of this airfoil 
section. A maximum value of 1.88 was attained at 6° and 8° angles of 
attack and for free-stream Mach numbers of about 0.75 and 0.80, respec- 
tively. This value is greater than the maximum local Mach numbers noted 
for either the cambered or symmetrical 10-percent-thick airfoil sections. 


NACA 644106 airfoil section.- Examination of the characteristics of 
the pressure variations within the local supersonic regions, as given by 
the data of figure 16 and table VIII for the NACA 64A06 airfoil section, 
indicates that the effects of camber on such characteristics for a 
6-percent-thick airfoil section are generally the same as that previously 
noted for the LO-percent-thick airfoil section. Although the slight 
pressure increases associated with the oblique legs of lambda waves were 
not apparent in the pressure data for the NACA 64A006 airfoil section at 
the lower angles of attack, such increases in pressure are evident in the 
data for the upper surface of the МАСА 64A406 airfoil section. From this 
it is inferred that the oblique waves on the upper surface of the cambered 
6-percent-thick airfoil section were stronger than those on the uncambered 
airfoil section, which would be expected because of the differences in 
curvature 


The characteristics of the leading-edge region of compression on the 
upper surface of the NACA 64A406 airfoil section are essentially the same 
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ав those for the compression regions of the previously discussed airfoil 
sections. For the lower surface of the NACA 64A406 airfoil section, 
however, the characteristics of the compression region are significantly 
different. The compression on this surface appears very strong in com- 
parison with that on the upper surface or with those for the other air- 
foil sections of this report. It is also indicated that this compression 
did not significantly diminish in strength as the free-stream Mach number 
was increased. Extremely high values of maximum local Mach number corre- 
sponding to the peak pressures at the leading edge were also realized on 
the lower surface at negative angles of attack. A maximum local Mach 
number of 2.03 is indicated at -59 angle of attack for a free-stream Mach 
number of about 0.85. This high value is much greater than that known 
by the author to exist on any other airfoil section tested in a subsonic 
free stream. 


À comparison of local Mach numbers for several airfoil sections, 
including others than those of this report, has revealed that the 
strongest leading-edge compression region is associated with the airfoil 
section having the highest local Mach numbers near the leading edge or 
having the least local radius of curvature of the profile very near the 
leading edge, airfoil sections with sharp leading edges excepted. 


Characteristics Above the Stall 


In the pressure-distribution data of figures 13 to 16 for the 
МАСА 644010, 64A410, 644006, апа 6hAhO6 airfoil sections, the types of 
stall observed at the lower Mach numbers conform to the three represen- 
tative types of low-speed stall discussed in reference 12. Тһе stalling 
characteristics for the МАСА 644010 airfoil section, as determined from 
figure 13, &re also in harmony with the corresponding low-speed pressure- 
distribution data of reference 13 for the same airfoil section. Such 
agreement between the nature of the stall discussed in these references 
and that observed in the pressure data of the present report is note- 
worthy, inasmuch as the data of references 12 and 13 correspond to much 
higher Reynolds numbers (about ¥ x 109 to 5.8 x 108) than those for the 
present data. The effect of the camber on the flow over the 10-percent- 
thick airfoil section, determined from figures 13 and 14, is reflected 
in а change in the type of stall. to one normally associated with a 
thicker airfoil section. , From the data of figures 15 and 16, however, 
it does not appear that the camber for the 6-percent-thick section 
altered the type of stall. 


The stalling πο εν for the airfoil sections, which vary from 
approximately 89 to 109 at the low Mach numbers, are more readily deter- 
mined from the lift coefficient data of figure № than from the pressure 
coefficient data of figures 13 to 16. For angles immediately above those 
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for stall, the pressure data corresponding to each airfoil section indi- 
cate the existence of local regions of separation which increase in 
chordwise extent ав the angle of attack is increased. (Regions of 
separated flow are usually recognized at high angles of attack by the 
relatively constant pressures which are characteristic of such regions.) 
The extent and location of the separated regions are also affected by 

the airfoil-section thickness ratio and by camber. At an angle of attack 
somewhat above that for stall, the separated region has spread suffi- 
ciently to cover the entire upper surface. This angle for complete sepa- 
ration on the upper surface decreases with a reduction in airfoil-section 
thickness ratio and increases with an increase in camber, varying from 
about 2h? for the NACA 644410 airfoil section to about 12° for the 

МАСА 644006 airfoil section. 


On the upper surface of the airfoil sections at angles of attack 
above those for which the flow is completely separated on this surface, 
the pressure coefficients for a given Mach number are more or less con- 
stant between the values -0.5 and -0.9 and are essentially independent 
of airfoil-section thickness ratio and camber. The pressure coefficients 
are scarcely affected by angle of attack up to about 22°, but above this 
angle the coefficients generally decrease slightly for an increase in 
angle of attack. The effect of Mach number is nearly always to decrease 
the values of the pressure coefficients on the upper surface. 


In figures 13 to 16 it is observed that the pressure coefficients 
on the lower surface of each airfoil section at angles of attack above 
those for the stall are, for the most part, affected only a small amount 
by increases in angle of attack or Mach number. At angles of attack 
greater than about 16°, the effects of angle of attack and Mach number 
are such as to increase generally the pressure coefficients slightly for 
the symmetrical airfoil sections, whereas the pressure coefficients 
appear to vary appreciably only with Mach number for the cambered air- 
foil sections. It is also noted that a substantial increase in the 
pressure coefficients on the lower surface downstream of the stagnation 
point is produced by the camber or by the reduction in airfoil-section 
thickness ratio from 0.10 to 0.06. 


From the foregoing, it 15 apparent that the pressure data for the 
airfoil sections of the present report corresponding to angles of attack 
above those for complete separation over the upper surface may be 
employed to predict the pressure distributions for other airfoil sections 
at comparable angles of attack. The thickness ratios, cambers, and 
thickness distributions for these other airfoil sections, however, should 
probably not be too different from those of the airfoil sections of this 
report. Predicted upper-surface pressure coefficients may be obtained 
directly from the data of Pigures 13 to 16 or tables V to VIII for the 
appropriate angle of attack and Mach number. For the lower surface, 
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however, the pressure coefficients will need to be interpolated for the 
appropriate thickness ratio and camber. 


CONCLUSIONS 


The results of the investigation of the NACA 64A010, 64Ak10, 614006, 
and 644406 airfoil sections at angles of attack as high ав 280 and for 
Mach numbers ranging from 0.3 to about 0.93, with corresponding Reynolds 
numbers varying from approximately 0.9 x 108 to 1.9 x 107, indicate the 
following: 


l. Мо marked losses in lift coefficient were experienced by the 
symmetrical airfoil sections &s the angle of attack was increased above 
that for the maximum lift coefficient obtained at angles of attack of 
about 8° to 10°. Furthermore, the lift coefficients of the NACA 6hANO6 
airfoil section and of the symmetrical airfoil sections at angles of 
attack above 24° attained values greater than the corresponding initial 
maximum Lift coefficients obtained at the lower angles of attack. 


2. A comparison of the maximum lift coefficients of lO-percent- 
chord-thick NACA 6hA-series airfoil sections cambered with а = 1.0 and 
а = 0.4 mean lines with those for the NACA 64A410 airfoil section cam- 
bered with the а = 0.8 (modified) mean line indicated that the a = 0.8 
(modified) mean line was superior for providing high maximum lift coef- 
ficients throughout the Mach number range, and especially for Mach num- 
bers above about 0.6. 


3. А previously undescribed region of mild compression, rather 
than an expansion, was formed in the local supersonic Mach number region 
near the leading edge of each of the airfoil sections within ranges of 
angle of attack and Mach number that varied somewhat with camber and 
airfoil-thickness ratio. This leading-edge compression region was 
established just downstream of the strong expansion at the leading edge. 
The flow over the leading edge expanded to local Mach numbers from 
1.6 to 2.0, based on the measured pressures on the surface. When a 
leading-edge compression region was formed on a surface, the lambda 
shock wave, which usually developed in the flow at high Mach numbers, 
was not established on this surface, leaving only the normal shock wave. 


1. For angles of attack above that for complete separation of the 
flow over the upper surface, the pressure coefficients on this surface 
did not vary appreciably with the change in camber or with the reduction 
in airfoil-section thickness ratio from 0.10 to 0.06 at constant Mach 
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number. The corresponding pressure coefficients on the lower surface, 
however, were increased noticeably by the increase in camber or by the 
decrease in thickness ratio. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif., Nov. 6, 1953 
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TABLE I.- COORDINATES OF THE МАСА 634010 
AIRFOIL SECTION 
[Coordinates given in percent of 
airfoil chord] 


0 0 
; -.80% 


І.Е. radius: 0.687 percent chord 
T.E. radius: 0.023 percent chord 


Ordinate | Station 


0 
„350 
„582 

1.059 

2.276 

3.759 

1-239 

9.737 

14.748 
19.770 
24.800 
29.831 
31.871 
39.910 
44.950 
49.989 
55.025 
60.051 
65.085 


L.E, radius Š 
Т.Е. radiug: 


ATRFOIL SECTTON 
[Coordinates given in percent of 
airfoil chord] 


0 
.902 
1.112 
1.451 
2.099 
3.034 
3.766 
4.380 
5.366 
6.126 


0 


0.687 percent chord 
0.023 percent chord 


Біоре of radius through L.E.: 0.190 


TABLE II.- COORDINATES OF THE NACA ӨЛДІПО 


0 


29Т5 № VOVN 


TABLE III.- COORDINATES OF THE МАСА 644006 TABLE IV.- COORDINATES OF THE МАСА 6lhAÀho6 
AIRFOIL SECTION ` АТВЕОТЬ SECTION 
[Coordinates given in percent of [Coordinates given in percent of 
airfoil chord] airfoil chord] 


Upper surface Lower surface 
Station 


0 0 
«109 

. 649 
1.135 
2.365 
4.849 
7.343 
9.842 
14.849 
19.863 
21.880 
29.900 
3.923 
39.946 
14,970 
19.993 
25.015 
60.034 
65.052 
70.066 
15.077 
80.092 
85.090 
90.063 
95.032 
100.000 
L.E. radius: 0.246 percent chord 
Т.Е. radius: 0.014 percent chord 
Slope of radius through L.E.: 0.190 


Upper surface 


Ó 0 0 0 


© 


0.216 percent chord 
0.013 percent chord 


L.E. radius: 
Т.Е. radius: 
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τό 


TABLE V.- PRESSURE COEFFICIENTS FOR THE МАСА 6hAO10 AIRFOIL SECTION 
(à) αο = -1.8 


Upper surface 


БЕНЕН η ση sa 


ο...” υυυ- ου, 
bs оо | 
„5% 


со 


COTE NL VOVN 


(b) ao = ~0.8° 


Upper surface 


gr" — аа а E 


Ὃ Бл apo Бон 1:00 1.07|1.08 БЕЛ БЛ asd ps ptr 1,16|1.17|1.191|1.21|1.22 


Lower surface 


ο ο... ου. 
.26 06 
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ες 


TABLE V.- PRESSURE COEFFICIENTS FOR THE NACA 64A010 AIRFOIL SECTION - Continued 


(с) ао - 0.29 


Upper surface 


Espere Е Е pns 


0.96[1.0011.05[1.06|1.07|1.08[1.09 12..1011..13|1.. p 1.15 1.1641.171|1.19|1.19|1.21 1-23 
.42 


Lower surface 


SEs шшш 
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jon οἱ «οὐ 


πό 
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(а) αο = 1.29 


Upper surfaee 


ЕСЕПТЕГІ pm nnb 


0.93|0.97|0.99| 1.01|1.03 |1.05|1.05 |1.07 ро 1. 4 1.11|1.13|1.15|l.1T |l. 2 1. J. 1. x 


` Lower surface 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE NACA 6/AO10 AIRFOIL SECTION - Continued 
(e) ао = 2.20 


Оррег вигРасе 


Берык ыыы I 


Lower surface 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE МАСА 644010 AIRFOIL SECTION - Continued 


(f) Qo = 1.20 


Upper surface 


IN аз] oa] om [oe] oe oss| o. о-в ол] οι] octe ος ρα 


-0.62| -0.56f -0.40 0.07 | 0.18] 0.27) 0.35| 0.441 0.56] 0.69| 0.81|0.91 [1.001.07 
-1.36|-1.21 -.96| -.82 


Lower surface 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE NACA 644010 AIRFOIL SECTION - Continued 
(5) ao = 6.2" 


Upper surface 


mmm σσ σα 


Lower surface 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE МАСА 6hAO10 АТВЕОТТ, SECTION - Continued 


(h) Осу = 8.2? 


Upper surface 
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Lower surface 
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TABLE V.- 


PRESSURE COEFFICIENTS FOR THE МАСА 614010 AIRFOIL SECTION - Continued 
(i) ag = 10.29 


Upper surface 
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ос 


οτε NL VOVN 


(3)-ао = 12.2? 


Upper surface 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE NACA 64A010 AIRFOIL SECTION - Continued 


Upper surface 


PSS Se ae ee 


Lower surface 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE МАСА 644010 AIRFOIL SECTION - Continued 


(1) ос = 16.29 
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TABLE V.- PRESSURE COEFFICIENTS FOR THE МАСА 654010 AIRFOIL SECTION - Continued 
(m) αρ = 18.29 (n) ас - 20.29 


Upper surface Upper surf&ce 
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Upper surface 
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TABLE V.- 


PRESSURE COEFFICIENTS FOR THE NACA 6%А010 AIRFOIL SECTION - Concluded 
(а) ор = 26.29 (г) ag = 28.29 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE NACA ӨІДІПО AIRFOIL SECTION - Continued 
(b) ао = باد‎ 


Upper surface 
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Lower surface 
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TABLE VI.- 


PRESSURE COEFFICIENTS FOR THE NACA бЛАЛ1О AIRFOIL SECTION - Continued 
(c) αρ = -39 


Upper surface 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE МАСА 64A410 AIRFOIL SECTION - Continued 
(à) ag = -2° 
Upper surface 


с EE 
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Lower surface 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE МАСА 64A410 AIRFOIL SECTION - Continued 
(e) ag = 0? 


Upper surface 
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Lower surface 
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TABLE VI.- 


PRESSURE COEFFICIENTS FOR THE МАСА 64A410 AIRFOIL SECTION - Continued 


Upper surface 
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(g) ао = 4° 


Upper surface 


EEE a] a] EC D: on on] opao 


ине 


Lower surface 


rr егесте ысы 
PALAS A A э] оа απ] το] στ] лу στῇ ЫШ û 


ZOTE NL VOVN 


Et 


TABLE VI.- PRESSURE COEFFICIENTS FOR THE МАСА 64A410 AIRFOIL SECTION - Continued 
(h) Чо = 6° 


Upper surface 
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Lower surface 
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(i) αρ = 89 


Upper surface 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE МАСА 6hAhlO AIRFOIL SECTION - Continued 
(3) ag = 109 


Upper surface 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE МАСА бЛАШ О AIRFOIL SECTION - Continued 


Upper surface 


Lower surface 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE NACA ÓhAhlO AIRFOIL SECTION - Continued 
(1) Qo Ξ 149 


Upper surface 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE NACA 64A410 AIRFOIL SECTION - Continued 
(n) ар = 16? (n) ag = 18? 
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TABLE VI.- PRESSURE COEFFICIENTS FOR THE NACA 644410 AIRFOIL SECTION - Continued 
(о) a, = 20° (р) оо = 22 


Upper surface pper surface 
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Upper surface 
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TABLE VII.- PRESSURE COEFFICIENTS FOR THE МАСА 64A006 AIRFOIL SECTION 
(a) ао = - 20 


Upper surface 
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TABLE VII.- PRESSURE COEFFICIENTS FOR THE МАСА 644006 AIRFOIL SECTION = Continued 
(b) Со = -19 


Upper surface 
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TABLE VII.- 


PRESSURE COEFFICTENTS FOR THE МАСА 64A006 AIRFOIL SECTION - Continued 
(c) Ao = 09 


Upper surface 


Lower surface 
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Figure !.- Profiles of the airfoil sections investigated. 
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Figure 3.- Variation of section lift coefficient with Mach number at constant 
section angle of attack. 
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Figure 4.—Variation of section lift coefficient with section angle of attack at 
constant Mach number. 
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Figure ¢.—Continued. 
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(d) NACA 644406 airfoil section. 


Figure 4.- Concluded. 
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Figure 5.-Effect of Mach number on the maximum section lift coefficient. 
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Figure 9.- Variation of section drag coefficient with Mach number af constant 
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Figure 9. - Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure /2.-Variation of section moment coefficient with section 
fff coefficient at constant Mach number. 
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Figure /4.— Continued. 
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Figure /5.- Effect of Mach number оп the pressure distribution over the NACA 644006 airfoil 
section af constant section angle of attack . 
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Figure /5.- Continued. 
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Figure /5.- Continued. 
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Figure /5 – Continued. 
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Figure 15, – Conckuded. 
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Figure /6.- Effect of Mach number оп the pressure distribution over the МАСА 644406 airfoil section 
af constant section angle of attack. 
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Figure /6.- Continued, 
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Figure /6.- Continued. 
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Figure /6.- Confinued. 
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Figure /8.-- Concluded. 
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Figure /7.-- Effect of free-stream Mach number on 
local pressure coefficient with local Mach number 
as а parameter. 
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Figure 18.- Schlieren photographs of the flow over the NACA 614010 air- 
foil section. 
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Figure 18.- Concluded. 
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Figure [9 .— Variation at selected Mach numbers of the pressure coefficient with 
chordwise station over the upper surface of fhe МАСА 6440/O airfoil section 
a? an angle of attack of 6.2° 
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Figure 20.- Schlieren photographs of the flow over the NACA 6hA310, 
а = 1.0, airfoil section; ао = -. 


NACA-Langley - 3-9-54 - 1000 


145 


